The two common dipole magnets in each of the two CBETA splitter sections serve to direct the beams of 42, 78, 114 and 150 MeV from the linac or FFAG return loop exit into the separate splitter lines for path length adjustment and to direct the beams from the splitter into the linac or FFAG return loop entrance. Here we report the results of design and tracking studies based on the Opera V18R2 software. The choice of the H-magnet design included consideration of using the coil design developed for the internal splitter H-dipoles by Elytt Energy. Considerations of transverse space constraints and the bend angle of about 30 degrees for the 42-MeV beam led to the adoption of a T-shape for the pole. The XYZ magnet dimensions are 34 × 42 × 16 cm. The central field value is 3.6-3.9 kG, but the magnet can operate as high as 4.9 kG, allowing for tests of a beam energy as high as 54 MeV in the S1 splitter line. We include results of tracking studies showing optimal placement of the magnets based on bend angle uniformity for the four beam energies. The project now proceeds to the full engineering design and fabrication to be performed by Elytt Energy.
I. INTRODUCTION
The Cornell-Brookhaven Energy-recovery-linac Test Accelerator (CBETA) [1] project is in the design phase of a four-pass 150-MeV electron accelerator based on energy recovery in a superconducting linear accelerator and a fixed-field alternating-gradient (FFAG) return loop. Optics matching and path length adjustment between the linear accelerator and the FFAG return loop sections is accomplished using four beamlines in each of two splitter sections, as shown in Fig. 1 . The range of operating parameters for the common, septum and H-dipole magnets in the splitters are shown in Table I . The lattice design values for the common magnets are shown in Table II. A comprehensive tracking study [2] based on OPERA [3] modeling results was performed for the H-dipoles during the summer of 2017, providing information on optimal placement of the magnets relative to the four beam trajectories. This project included a preliminary assessment of the bend angle uniformity and optimal placement of the S1.BEN01 common magnet. The present report complements that study with results for all four of the common magnets, and includes an assessment of the operating limit of the magnet for purposes of using the S1 line as a measurement for acceptance of energies higher than 42 MeV. The common magnets serve to guide the four beams from/to the linac into the splitter beamlines and to/from the FFAG return loop. The trajectories of each beam in each of the four common magnets are shown in Fig. 2 . The difference in transverse position between the 42-and 150-MeV beams indicates the challenge in field quality that these magnets must satisfy [4] . While cost and simplicity considerations motivate a single design for the four common dipoles, it is to be noted that the transverse range of good field quality is much wider in the R/S1.BEN08 magnets, since the trajectory separations are much larger (approximately 40 mm rather than 10 mm.) An additional consideration is the space constraint imposed by the 6-MeV beam dump line following the final pass through the linear accelerator. The proximity of the dump line requires cutting off a corner of the S1.BEN01 common magnet steel by an amount determined by the present tracking study.
II. OPERA 3D DESIGN
The magnet design and tracking studies were performed with version 18R2 of the Opera 3D finite-element, solver and post-processing software [3] . The finite-element mesh cell sizes were 4 mm in the region of the beam, 16-mm in the yoke and 1-mm in the pole face steel. Figure 4 shows the results of tracking 42-MeV electrons through the magnet field of a model with the design excitation of the S1.BEN01 magnet, 5826 amp-turns. For clarity, the coils are not shown. The color contours show the ratio of the magnetic flux B to the magnetic field H on the steel surface, Central Field Uniformity * (%) 3 . The S1.BEN01 magnet and nearby dump line vacuum chamber for the 6 MeV beam. This pipe constrains the size and position of the S1.BEN01 magnet. The common magnets are oriented such that the magnet axis is parallel to the incoming beams, in the case of S1.BEN01 and R1.BEN08, or to the outgoing beams, as with S1.BEN08 and R1.BEN01.
indicating regions where saturation occurs. The design is similar to that of the internal splitter dipoles, but since the required range of fields is much smaller and the field uniformity specifications more stringent, the pole face is wider (19.7 cm instead of 7.7 cm) and, unlike the internal H-dipoles, larger than that of the pole stem (12.7 cm).
III. EXCITATION LIMIT
Figures 5 show the central field value and the central field integral values as a function of the excitation current. The design excitation value for the S1.BEN01 magnet is shown in red and that for the other three common magnets in magenta. The upper plots show the central value of the magnetic flux density B(X=Y=0,Z=8 cm) (left) and the longitudinal field integral (right). The lower plots show the relative deviation in those values from the low-excitation linear extrapolation. At an excitation 50% higher than the design value for S1.BEN01, the central field is only 18% higher, indicating that the operational limit of the magnet is reached. The tracking study shown in Sect. IV shows that a beam energy as high as 54 MeV can be accommodated in the S1 line.
IV. TRACKING STUDY AND OPTIMAL PLACEMENT
Electron tracking studies were undertaken for each of the four beam energies in each of the four common magnets. Figure 6 shows the results for the 42-and 150-MeV bend angle uniformity for the common magnet at the exit of the linac, S1.BEN01, and the exit from the FFAG loop, R1.BEN08, where the beam trajectories enter the magnet parallel to the magnet axis. Figure 7 show the results for the bend angle uniformity for the common magnet at the entrance to the FFAG loop, S1.BEN08, and the entrance to the linac, R1.BEN01, where the beam trajectories exit the magnet parallel to the magnet axis. The relative bend angle deviation is shown as a function of the trajectory horizontal position at the longitudinal center of the magnet, with X=0 on the magnet axis. The relative positions of the 42-and 150-MeV beams at the magnet center are derived from the trajectories shown in Fig. 2 . The vertical green lines show the optimized placement of the beams relative to the magnet axis.
The excitation currents of the magnets (5826 amp-turns for S1.BEN01 and 5393 amp-turns for the others) were chosen to optimize the region of good uniformity for the 42 MeV beams. As a consequence, the bend angles for the 150-MeV beams are 3-4% lower than in the lattice design, since the straighter trajectories sample less field. This orbit error must be compensated using the other magnets in the splitter lines.
The vertical blue lines in these figures show the positions of the interior vacuum chamber walls when the magnet is centered on the beampipe, i.e. prior to optimized placement. At the ends of the linac, the vacuum chamber width is chosen by the separation of the beams and the requirement of 12-mm beam clearance to the walls. Since the beam separation is 13 mm in S1.BEN01 and 20 mm in R1.BEN01, we have chosen a 44-mm width for both cases. At the return-loop ends, the width is chosen according to the nearby gate valve, which is 63 mm wide. Table III summarizes the results of the tracking study determining the optimal transverse placement of the common magnets based on bend angle uniformity. The displacements range from 10 to 33 mm toward the inside of the CBETA ring. The tracking study for S1.BEN01 was extended to an excitation 50% higher than nominal, as described in Sect. III, 8739 amp-turns. Figure 8 shows the resulting bend angle uniformity as a function of entrance position for a 54 MeV beam. Comparison to the result in Fig. 6 shows that the region of ±0.3% relative deviation from the nominal bend angle is reduced only slightly, from a width of 76 mm to 71 mm. The primary conclusion of the tracking study is that the field quality of this design for the common magnet suffices to provide the nominal bend angles accurate to +-0.3% for all beams over a region approximately 70-mm wide in horizontal entrance position. When the excitations are chosen to give the nominal design bend angle for the 42-MeV beam, the bend angles for the higher energy beams can deviate from the nominal values by as much as 4%.
V. CONCLUSION
We have concluded a preliminary design study including trajectory calculations for the four common magnets in the splitter regions of the CBETA test accelerator. The design pole face width of 19.7 cm suffices to provide deflection angles varying by less than ±0.3% over a 70-mm-wide region of entrance position for all beams in all magnets. When the magnet strengths are chosen to give the design deflection for the 42-MeV beam, the bend angles for the other beams can be as much as 4% lower than nominal. Saturation effects related to flux leakage from the central pole and saturation in the return yoke limit the maximum central field value to about 4.9 kG. This value will suffice to run a
